Objectives: The purpose of this study was to evaluate flexural strengths, moduli, and maximum deflection of Clearfil AP-X (APX) and Ceram-X Mono (CXM) when cured with a quartz-tungsten halogen (QTH) or an LED-light (LED).
cause less temperature increase during the polymerization of resin-based filling materials. [6] [7] [8] There has been much research into the influence of LED-curing lights on the hardness, 3, 9, 10 shrinkage, 11 temperature rise, 3, 6, 8 cross-link density, 4 and degree of conversion [12] [13] [14] of resin-based filling materials. But only few studies were found considering flexural strength and flexural modulus. 9, [15] [16] [17] These studies showed that the second generation of LED-curing lights performed similarly to the quartz-tungsten halogen devices (QTH). Although the energy densities of the LEDcuring lights were higher than those of the QTH, significant temperature increase was not measured in the pulp chamber and increased cell damage was not observed. 3, 6, 8 Only one of these studies investigated flexural strength according to EN ISO 4049, 18 and none measured flexural modulus. Although some publications compared the influence of energy densities of QTH and LED on hardness 3, [19] [20] [21] and compressive strength, 22 none was found that compared the influence on flexural strength, flexural modulus, and deflection. The literature has described the effect of thermocycling on the physical properties of resin-based restorative materials when cured with QTH 23, 24 but has not considered LED-lights and different energy densities. Therefore, there are only few possibilities for an accurate comparison of the results. Furthermore, no literature was found about the influence of LED-curing lights on flexural properties of ormocers.
An important feature of the resin matrix is that it should absorb energy and reduce stress concentrations by providing fracture toughness or ductility to maximize damage tolerance. 25 The matrices of resin-based restorative materials were also shown to be one essential reason for brittle fracture wear. [26] [27] [28] Maximum deflection measured during a three-point-bending test was used to obtain knowledge about the elasticity or toughness, respectively, of resin materials. 29, 30 Therefore, the goal of the present investigation was to determine flexural strength (according to EN ISO 4049), flexural modulus, and deflection of an ormocer (microhybrid composite with partial silicium-organically modified resin matrix) in comparison with a microhybrid resin-based filling material when polymerized with QTH or LED-light. The null hypothesis was that there is no difference (a) between the investigated properties when irradiated with QTH or LED-light and (b) in the investigated properties between the ormocer and the microhybrid.
MAtErIALs And MEtHods
The ormocer Ceram-X Mono, shade M5 (Dentsply DeTrey GmbH, Constance, Germany), and the microhybrid Clearfil AP-X, shade A3 (Kuraray Europe GmbH, Frankfurt, Germany), were used as test materials (Table 1) . Ceram-X Mono shade M5 is equivalent to Clearfil AP-X shade A3. The quartztungsten halogen light Hilux Ultra Plus (Benlioglu Dental Inc., Ankara, Turkey) with a 10 mm light guide and the LED-light curing device SmartLite PS with an 8 mm light tip (Dentsply DeTrey GmbH, Constance, Germany) were used to polymerize the materials in the constant polymerization mode. Each time after a series of ten specimens was cured, the output of each of the curing devices was controlled with a photometer (Curing Light Meter, Benlioglu Dental Inc.). Irradiances between 750 and 850 mW/cm 2 (mean 800 ± 67 mW/cm 2 ) were measured for the Hilux Ultra Plus and between 1100 and 1300 mW/cm2 (mean 1200 ± 98 mW/cm 2 ) for the SmartLite PS. No significant decrease of the output of either device was observed. The energy density of each curing device was calculated for the different exposure times ( Table 2) .
The preparation of the specimens was done according to EN ISO 4049. 18 From each material, 120 specimens with a size of (25±2) mm x (2±0.1) mm x (2±0.1) mm were manufactured at 22.0 -23.0°C (room temperature) and a relative humidity of 50%. Prior to polymerization, both sides of the specimens were covered with a 0.05 mm transparent polyester film. The initial curing location was in the center of the specimen. Two additional curing increments were used on either side of the initial curing location from the center of each specimen toward its end. The specimens were turned over, and the curing sequence was repeated on the bottom. The curing sequence resulted in a total of five curing increments on each side of each specimen (ten in total). The 120 specimens of each material were subdivided into three groups, each of 40 specimens. One half of the specimens of group 1 was cured with Hilux Ultra Plus, the other half with SmartLite PS for 10 s; the specimens of group 2 were cured for 20 s, group 3 for 60 s.
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All specimens of each test material were stored for 24 h in demineralized water at 37°C in the dark. Ten specimens of each group were removed, and flexural strength and flexural modulus were investigated. The other ten specimens remained in water at 37°C for four weeks and were subsequently thermocycled 5000 times in water between water baths at +5 and +55°C prior to strength testing. The dwell time at each temperature level was 30 s, and the transit time was 15 s. To evaluate strength, the three-point-bending test was performed with a universal testing machine (Model 106.L, Test GmbH, Erkrath, Germany) at a crosshead speed of 0.75 mm min 
Statistical analysis
Statistical analysis was conducted with SPSS software 12.0 (SPSS Software, Munich, Germany). Means and standard deviations were calculated. Normal distribution was proven by the Kolmogoroff-Smirnoff Test. Multiple comparisons were made for each of the tested properties with the univariate Anova followed by a Scheffe post hoc test and t-tests for unpaired samples. Correlations were calculated according to Pearson. Statistical significance for all tests was considered as P<.05.
rEsuLts
Means and standard deviations of flexural strength, flexural modulus, and maximum deflection are shown in Table 3 . Significant differences of flexural strength, flexural modulus, and deflection were calculated between the microhybrid Clearfil AP-X and the ormocer Ceram-X Mono prior to and after thermocycling for all curing times and both of the curing devices (Tables 5, 6 and 7) .
Clearfil AP-X showed significantly higher flexural strength than Ceram X Mono for all energy densities, curing devices, and aging conditions (Tables 3, 4 and 5) . Except for Clearfil AP-X 20 s QTH-cured, neither prior to nor after thermocycling was a significant influence of energy density or curing device on flexural strength observed for the test materials (Tables 3, 4 and 5). Flexural strengths of all LED-light polymerized samples significantly decreased after thermocycling, which was not the case for all of the QTH-cured specimens (Tables 3 and 7) . No correlation was found between energy density and flexural strength for any of the test materials (Tables 3 and 8) .
Clearfil AP-X showed significantly higher flexural modulus than Ceram X Mono for all energy densities, curing devices, and aging conditions (Tables 3, 4 and 5). Flexural modulus increased for Clearfil AP-X with increasing curing time or energy density, respectively, and after thermocycling for both of the curing devices. The SmartLite-cured Clearfil AP-X specimens had higher modulus values than the Hilux Ultra Plus-cured specimens. In contrast to Clearfil AP-X, the flexural modulus of Ceram-X Mono remained constant or decreased after thermocycling (Tables 3,  4 and 5). Clearfil AP-X and Ceram-X Mono showed a significantly positive correlation between energy density and flexural modulus prior to as well as following thermocycling (Table 8) .
Maximum deflection was significantly lower for Clearfil AP-X than for Ceram-X Mono when QTH-cured, but no differences were found for the LED-light-cured samples. No influence of curing time or curing device was detected either for non-thermocycled or for thermocyled Clearfil AP-X. Deflection decreased for Ceram-X Mono with increasing curing time and both curing devices (Tables 3 and 6 ). After thermocycling, the values of both test materials decreased (Tables 3 and 7) . Ceram-X Mono showed a significant strong negative correlation between energy density and maximum deflection prior to and after thermocycling, but Clearfil AP-X did not. Further correlations were detected for both test materials for flexural strength and flexural modulus with maximum deflection (Table 8) .
dIscussIon
This study investigated the influence of QTH or LED-light on flexural strength, flexural modulus, and deflection of two different types of resinbased filling materials according to EN ISO 4049. 18 Flexural strength and flexural modulus are appropriate for evaluating the quality of the light-curing process 9, 15, 24, 31 and maximum deflection furnished some knowledge about the materials' elasticity or toughness, respectively. 29, 30 Literature reported that thermocycling also had an impact on the flexural properties. 24 Since the degree of conversion not only depends on the curing conditions but also on the chemical character of the resin matrix, 32 ,33 a microhybrid composite (Clearfil AP-X) and a microhybrid composite with partial silicium-organically modified resin matrix, so-called ormocer, (Ceram-X Mono) were chosen for this investigation. The spectral ranges of QTH and several contemporary LED-lights (also SmartLite PS) were reported by the literature and documented in Table 2 . 34, 35 Several publications have shown that the combination of energy density and exposure time has significant influence on the degree of cure, flexural strength, and flexural modulus. 31, 36, 37 Peutzfeldt et al 31 found higher levels of degree of cure, flexural strength, and flexural modulus for TetricCeram with increasing energy densities. They concluded that the higher the energy density, the higher the degree of cure and mechanical properties. The present study could not confirm these findings for flexural strength but could for flexural modulus, which was detected to correlate strongly positively with energy density for both test materials prior to and after thermocycling (Table 8 ). However, due to the restricted number of experimental groups, the present study might have failed to reveal a significant influence of the combination of energy density and curing time on flexural strength. The correlation of energy density and flexural modulus found in the present investigation was positive and very strong prior to and after thermo- Table 5 . Significances (bold and italic) of flexural strength and flexural modulus between the materials, curing lights and curing times after 30 days storage in water at 37°C followed by 5000 thermocycles between + 5 and + 55°C (P<.05). Hilux Ultra
Plus
Clearfil AP-X 10s 1.000 1.000 0.000 0.000 0.000 1.000 1.000 0.967 0.000 0.000 0.000 20s 0.998 1.000 0.000 0.000 0.000 1.000 1.000 0.999 0.000 0.000 0.000 60s 1.000 1.000 0.000 0.000 0.002 0.999 1.000 0.869 0.000 0.000 0.000
Ceram-X Mono 10s 0.000 0.000 0.000 1.000 1.000 0.000 0.000 0.000 1.000 1.000 1.000 20s 0.000 0.000 0.000 1.000 1.000 0.000 0.000 0.000 1.000 1.000 1.000 60s 0.000 0.000 0.000 0.156 0.037 0.000 0.000 0.000 1.000 1.000 1.000
Smart Lite
PS
Clearfil AP-X 10s 1.000 1.000 1.000 0.000 0.000 0.000 1.000 1.000 0.000 0.000 0.000 Table 6 . Significances (bold and italic) of maximum deflection prior to and after thermocycling between the materials, curing lights and curing times (P<.05).
Maximum deflection after 24 hours in water at 37°C
followed by 5000 thermocycles Effect of energy density on the physical properties of restorative materials
Flexural modulus after 24 hours in water at 37°C followed by 5000 thermocycles 31 Another explanation might be that the modulus decreased significantly after thermocycling. A certain explanation was not possible because of the limitations of this study. The results also show ( Tables 2 and 3 ) that the highest energy density (SmartLite PS, 60 s curing time) resulted in the highest flexural modulus for both of the test materials. These results strongly supported the existing literature.
Energy density correlated strongly negatively with maximum deflection for Ceram-X Mono, indicating a higher degree of cure (Table 8) , and was thus also in accordance with the results of Peutzfeldt et al. 31 The fact that no correlation between energy density and deflection was found for Clearfil AP-X (Table 8 ) might be explained by the higher filler / matrix ratio that over-compensated the influence of energy density on deflection but not on flexural modulus, since this effect was much stronger.
The findings of the present study also showed that the formulation of the material itself influenced flexural strength, flexural modulus, and deflection (Tables 3 to 6 ). The difference in flexural strength was not only caused by the higher filler content 38 of Clearfil AP-X but also by the filler type (agglomerated pyrogenic SiO 2 ) and the high con- Table 7 . Significances (bold and italic) between the 24 h storage in water at 37°C and the 30 days storage in water at 37°C followed by 5000 thermocycles between +5 and +55°C (P<.05). 4, [39] [40] [41] Clearfil AP-X was also found to have a significantly higher flexural modulus than Ceram-X Mono mainly due to its higher filler content ( Table  1) . The positive correlation between filler content, flexural strength, or flexural modulus was previously reported by Rodrigues Junior et al. 38 The strong negative correlation of flexural modulus with maximum deflection showed the loss of elasticity with increasing flexural modulus or increasing filler content, respectively. EN ISO 4049 18 requires flexural strength ≥ 80 MPa, and the literature recommends flexural modulus ≥ 10000 MPa for resin-based filling materials used in occlusal areas. 24 Only Clearfil AP-X fulfilled these requirements prior to and after thermocycling independent of the light-curing device. The results showed that there were no significant differences between the flexural strength values of Ceram-X Mono and only for the 20 s irradiated samples of Clearfil AP-X when cured with QTH or LED-light. Both of the materials behave rather similarly after thermocycling independent of the curing light -sometimes flexural strength decreased and sometimes it did not. No correlation with the curing device was found. These findings supported the literature, 9,14,16,42 which concluded that LED-lights were as effective as QTH for polymerization of the materials used.
Furthermore, it was found that the flexural modulus of Clearfil AP-X remained constant or even increased after thermocycling, whereas the modulus of Ceram-X Mono remained constant or even decreased. Such behaviour of microhybrids and ormocers was also reported in the literature, and it was concluded that the significantly lower filler content of the ormocer could be one possible cause. 24 The test materials of this study also differed significantly in filler content, so that the same conclusion might be drawn. Finally, as already discussed in a preceding paragraph, LEDlights providing high energy densities resulted in significantly higher flexural moduli.
concLusIons
Energy density did not influence flexural strength but did influence modulus and deflection.
The thermocycling process affected all tested properties of the materials. The LED was as effective as the QTH for polymerization of the materials used. Therefore, part (a) of the null hypothesis is accepted for flexural strength, rejected for flexural modulus, and partially rejected for maximum deflection, and part (b) was rejected.
rEFErEncEs
